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EXPERIMENTAL STUDY OF TURBULENCE IN PLANE 
SEPARATED FLOWS
Raymond Smyth
Department of Mechanical Engineering, 
University of Sheffield, England.
ABSTRACT
Some recent attempts at predicting turbulent two- 
dimensional recirculating flows have concentrated on 
modelling the turbulent energy equations used in the 
finite difference analysis methods of solutions of the 
elliptic partial differential equations governing these 
flows. These attempts have to some extent been 
restricted by the lack of experimental studies of the 
high turbulence intensities found in separated flows. 
The improvement of the pulsed hot-wire anemometer and 
the laser Doppler anemometer have made possible such 
studies and this paper describes an investigation using 
the laser Doppler anemometer in a separated flow situa­
tion. Results are given of an experimental study of 
the plane turbulent separated flow of water over a 
double backward facing step of duct height ratio 3:1. 
Time mean streamwise, transverse and cross-stream com­
ponents of velocity are reported, together with the 
turbulent velocity fluctuations. The measurements 
were made using a laser Doppler anemometer operating 
in the differential Doppler mode with forward 
scattering. The problem of high turbulence intensity 
and instantaneous flow reversals was overcome by 
frequency shifting of the incident laser light beams 
using a pair of Bragg cells. Substantial changes in 
flow patterns were detected together with turbulence 
intensities based on local streamwise velocity of up to 
100% were recorded in the recirculating zones. Trans­
verse turbulence intensities were in general about half 
that of the streamwise components, with cross-stream 
intensities an order of magnitude lower again.
INTRODUCTION
The importance of recirculating turbulent flows in 
engineering practice is well known. Although the hot­
wire anemometer has been used in the investigation of
such flow fields, the method can encounter difficulties 
when measuring velocities in narrow boundary layers and 
large scale turbulence but di Gesso and Davies (1975) 
have recently produced very interesting results from 
hot wires using a combination of experimental and ana­
lytical methods. Nevertheless, various optical 
velocity measuring techniques have been developed, e.g. 
Schlieren, Davies (1971), interferometry, Schwar (1970), 
velocity meter, Thompson (1968), particle velocity 
meter, Gaster (1964), fringe anemometers, Rudd (1969) 
and the laser Doppler anemometer.
The feasibility of measuring fluid velocity from 
the Doppler shift of scattered laser radiation was 
first demonstrated by Teh and Cummins (1964). The 
velocities they measured were as low as 0.07 mm/sec. 
Mono-dispersed polystyrene spheres of diameter 0.557 pm 
(1 part solid to 30,000 water by volume) were used as 
scattering centres to provide the Doppler shift. Later 
Foreman, et al (1966) showed that flow measurements 
were possible in ordinary tap water without the addi­
tion of scattering contaminants of any kind. Subse­
quent investigations by Goldstein & Kried (1967) and 
Goldstein & Hagen (1967) indicated that velocities were 
capable of being measured up to an accuracy of 0.1 per 
cent. Also not only mean turbulent velocities but 
also the probability function for the turbulent 
velocity could be determined.
Various studies have already been carried out on 
flow separation over a step such as Abbot and Kline 
(1961), and Tani (1961). Very little data however is 
available in the recirculation regions of the flow. In 
this present investigation, velocity measurements have 
been carried out extensively in the recirculation zones 
as well as in main flow direction.
The laser anemometer used was of the low powered 
type (He & Ne - 5 mW) and incorporated a flow direction 
adaptor which used the technique of artificial fre­
quency shifting of the incident laser beams. These 
consisted of two bragg cells giving each incident beam
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a positive and negative shift respectively. The effect 
of the frequency shift is thus to produce a detector 
current of a fixed known frequency in the photomultiplier 
when measuring a particle at rest in the measuring 
volume. This frequency is then increased if the par­
ticle moves to one side and decreased when the particle 
moves to the other side. Hence, instantaneous flow 
reversals can be determined and measured accurately.
EXPERIMENTAL APPARATUS
The test duct was 300 mm long, 75 non wide with a 
depth of 2.5 nm opening into a symmetrical double step 
channel of depth 7.5 mm. The duct, made of perspex, 
was housed in a traversing rig which allowed motion in 
the horizontal and vertical plane. Motion in the 
vertical plane was controlled by two micrometers. Each 
micrometer consisted of a threaded steel shaft running 
in a brass block with the bottom of each micrometer 
shaft being attached to a self aligning bearing seated 
in the top of each supporting block. The micrometer 
thread was 1.5 threads/mm providing a vertical motion 
of 0.66 mm per turn.
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Fig. 1. DUCT CONFIGURATION AND 
MEASURING STATIONS
The traversing rig was seated on an optical bench 
which consisted of two units, a sliding plate and a 
base. The sliding plate had two ground shafts on 
which the supporting blocks moved and were attached to 
a sliding plate via a rectangular block of mild steel. 
A nut was screwed up tight on the bottom of each shaft 
and then turned in a lathe so that it formed a perfectly 
flat seat for the shaft. The shaft then passed through 
clearance holes in the rectangular block and were 
secured from the bottom. The block was raised on 
spacers to allow clearance for the lower nuts. The 
rectangular blocks were then bolted to the sliding 
plate. Allowance for any misalignment was provided 
for by bolting the rectangular blocks through large 
clearance holes. The sliding plate was fabricated 
from mild steel precision ground on both sides to
ensure a low friction surface for sliding on the base.
The base was an optical bench with three leveling 
screws. The sliding plate moved over it and its motion 
was fixed by placing strips on either side of it.
Axial movement of the test duct was measured with a 
steel rule with motion in the direction being effected 
manually.
The flow system was made up of a loop system. 
Ordinary tap water was passed through the test section 
and entered the inlet stilling chambers of the duct 
through two inlet tubes and was discharged through two 
outlet tubes from the exit settling chamber. Resis­
tance valves are inserted in the two exit tubes to 
provide an increase in flow pressure if necessary.
This helped in the removal of air bubbles trapped in 
the settling chambers. During experimentation, the 
resistance valves were kept open and direct control of 
the flow was via a tap in the supply line. The 
velocity profile at the step was obtained by laser 
anemometry at the beginning of each workout and the 
flow was adjusted to suit the original profile. It 
was assumed that for each experimentation, the pressure 
on the supply line remained fairly constant.
The laser anemometer (type 55L by DISA) comprised 
a helium-neon laser with a wavelength of 632.8 nm, the 
optical unit, the flow direction adapter, photomulti­
plier and the electronic processing equipment, namely 
a high voltage supply, a signal processor, preamplifier, 
frequency tracker, meter unit, signal conditioner, 
digital voltmeter and an r.m.s. voltmeter. The 
anemometer was used in the differential Doppler mode, 
flow velocities being calculated from the formula
f . . A- 3V ' 2 sin (6/2)
where f^ is the Doppler frequency, X the laser beam 
wavelength and 0 the angle of intersection of the 
beams.
RESULTS
Using the differential Doppler mode, the digital 
voltmeter and the r.m.s. voltmeter give readouts of 
the mean and root mean squares of the Doppler fre­
quency. From these readouts could be obtained the 
values of the mean velocity and the root mean square 
velocity. Measurements were taken at regular inter­
vals downstream of the step. For the streamwise 
direction, readings were obtained for every 0.33 mm 
approximately (i.e. half turn of micrometer screw) 
traverses being from the top wall surface to the 
bottom wall surface. For the transverse direction,
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readings could only be obtained for the region lying 
between 1.2 mm from both wall surfaces. The results 
obtained were used to give streamwise velocity profiles, 
streamwise turbulence intensity based on the local 
streamwise velocity, streamwise turbulence intensity 
based on the mean duct exit velocity, transverse 
turbulence intensity based on the local streamwise 
velocity, transverse turbulence intensity based on the 
mean duct exit velocity and contour plots of streamwise 
turbulence intensity based on the mean duct exit 
velocity. Figure 1 shows the position of the various 




In Figure 2, two distinct recirculation zones 
could be observed, one on the top wall surface and the 
other on the bottom wall surface which compare very 
favourably with the laminar flow study in a similar 
geometry of Durst et al (197*4). The velocity profiles 
were not symmetrical about the centre-line due to the 
coanda effect in which the fluid takes a preference 
to one wall surface. The upper recirculation bubble 
extended to about x/L = 3.39 compared to about 
x/L = 0.85 for the lower bubble. The maximum 
velocity measured in the upper recirculation zone was
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Fig. 2. MEAN STREAMWISE VELOCITY PROFILE
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Fig. 3. DISTRIBUTIONS OF STREAMWISE 
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NORMAL TURBULENT STRESS 
BASED ON MEAN LOCAL VELOCITY
Fig. 5. DISTRIBUTIONS OF STREAMWISE 
NORMAL TURBULENT STRESS 
BASED ON MEAN DUCT EXIT VELOCITY
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78% of the mean duct exit velocity compared with a 
value of 37% for the lower recirculation zone. At 
x/L = 10.84, the flow was fully redeveloped and the 
profile symmetrical. No measurements are taken 
beyond this point. The mean duct exit velocity 
obtained from this profile by integration was 0.48 m/s 
which corresponds to a value of 0.49 m/s calculated 
from the mean velocity at the step.
Streamwise turbulence intensity based on local 
streamwise velocity
As a result of the definition of turbulence inten­
sity, the profiles in Figure 3 show singularity points 
at the reverse flow boundary and at the two wall boun­
daries where the mean velocity approaches zero. Three 
distinct zones of turbulence can be seen initially just 
after the step at x/L = 0.51. These correspond to the 
upper recirculation region, a main flow region and the 
lower recirculation region. The intensities measured 
in both recirculation zones are of the order of 100% 
compared with a value of about 10% around the centre of 
the duct. As the flow moves downstream the profiles 
change in a regular pattern, intensities around the 
lower portion of the duct falling off rapidly. At 
x/L = 3.39, the curve becomes continuous and the flow 
is out of both recirculation bubbles while at x/L = 
10.84, the turbulence intensity settles to a value of 
about 20%.
Transverse turbulence intensity based on local 
streamwise velocity
The profiles shown in Figure 4 are generally 
similar to Figure 3 but on a smaller scale. Here 
readings could only be obtained up to 1.2 mm from both 
wall surfaces owing to the method of measurement. The
4t 7~7T
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Fig. 7. CONTOURS OF CONSTANT STREAMWISE 
NORMAL TURBULENT STRESS BASED 
ON MEAN DUCT EXIT VELOCITY
lowest turbulence intensity measured was about 3% at 
about x/L = 0 .5 1 .  This compares with a value of about 
10% to 15% for the streamwise component. The fully 
redeveloped turbulence intensity at x/L = 10 .84  is 
about 10% which is approximately half the streamwise 
value.
Streamwise turbulence intensity based on mean 
duct exit velocity Ug
In Figure 5 these profiles show the actual stream- 
wise fluctuating velocity. The upper scale gives the 
r.m.s. turbulent velocity in m/s and the bottom scale 
gives the turbulence intensity based on the mean duct 
exit velocity Ue» As can be seen the turbulent 
velocity increases steeply to two peak values near the 
two reversed flow boundaries. This could be visualized 
as two shear layers induced by the two edges of the 
step. The peak values of turbulent velocity from this 
profile are 0.36 m/s and 0.29 m/s. As the flow pro­
ceeds downstream, the profiles change as shown. At 
x/L = 10.84 where the flow is fully redeveloped,turbu­
lence intensity settles down to about 20% with a cor­
responding turbulence level of about 0.1 m/s.
Transverse turbulence intensity bases on mean 
duct exit velocity Ue
The profiles of Figure 6 are somewhat different 
from Figure 5. The scale of turbulence is lower 
rising to a maximum of 27.5% (turbulence level 0.13 
m/s) at about x/L = 0.85. Beyond x/L = 3.39 the 
turbulence starts to fall off rapidly settling down to 
a value of about 10% (0.05 m/s) which is half its 
streamline component.
Contour plot of streamwise turbulence intensity 
based on mean duct exit velocity
The contours of constant turbulence intensity 
are given in Figure 7. In general three distinct 
regions can be seen:-
a) an upper recirculating region with intensi­
ties of up to the order of 120%
b) a central region comprising of the main flow 
of intensities from 20% to about 60%, and
Fig. 6. DISTRIBUTIONS OF TRANSVERSE 
NORMAL TURBULENT STRESS 
BASED ON MEAN DUCT EXIT VELOCITY
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c) a lower recirculating region with intensities 
from 60% up to the order of 120%.
CONCLUSIONS
Mean velocities and turbulence characteristics 
have been measured successfully both in the main flow 
as well as in the recirculation regions of a duct with 
abrupt changes in cross-section. Extensive velocity 
and turbulence intensity profiles have been obtained. 
Turbulence intensities based on the local streamwise 
velocities, of up to the order of 100% have been 
measured in the recirculation zones. Transverse 
turbulent intensities based on the mean duct exit 
velocity were in general about 50% of the streamwise 
counterparts. The maximum streamwise turbulent 
velocity measured was about 150% more than the 
corresponding value at the step.
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DISCUSSION
R. V. Edwards, Case Western Reserve University:
How did you measure turbulence intensity? If you 
just put an R.M.S. meter on the output of the 
tracker, you are liab le  to get a high turbulence 
intensity since the output contains both turbu­
lence fluctuations and the "ambiguity noise" flu c­
tuations. This error can be mitigated by using 
two or more different f ilte rs  in the output and 
then plotting apparent turbulence intensity vs 
f i l t e r  bandwidth. c . f .  W. K. George, "The 
Measurement of Turbulence Intensity Using Real 
Time Laser-Doppler Velocimetry," J. Fluid Mech.,
66, p. 11-16 (1974).
Smyth: I think this Is a valid point and In truth 
we did not take exceptional measures to correct 
for such "noise".
H. M. Nagib, I llin o is  Institute of Technology:
Since the numerical predictions based on the Im­
perial College Program assume symmetry of the flow 
with respect to the axis of the duct, how do you 
justify  the comparison with your measurements 
which show non-symmetry?
Smyth: On the last figure I plotted the symmetri­
cal trace. The prediction technique that I men­
tioned can be run for the complete width of the 
duct. I have only run the half duct.
T. J. Hanratty, University of I llin o is : This is  
a very interesting application of the laser Doppler 
velocimeter to measure velocity fie lds in certain
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complex situations. It clearly  indicates the real 
advantages in th is technique over hot wires. Is this 
the f ir s t  investigation like th is of turbulent separ­
ated flows? Also, would you te ll us some o f the p it-  
fa l ls  in using the laser Doppler technique to study 
separated flows?
Sniyth: Well, of course, the laboratory situation  
avoids many of the p it fa lls  that occur in industrial 
and real practical applications. In those situations 
you've got real problems i f  you're measuring in f lu id s , 
say, in a combustion chamber where you might be allowed 
to put one window in but one on either side of the 
combustion chamber. We have not had a lo t of trouble 
in the laboratory using the laser Doppler anemometer.
It has been quite easy to set up and quite easy to use, 
after we became fam iliar with the technique. Of course, 
I think a major advantage in the LDA is it s  use in 
flows like  flames.
M. Wolfshtein, Israel Institute of Technology: I have 
three questions: Were there any three-dimensional or 
non-steady effects observed near the stagnation points 
(especially near reattachment)? How was two-dimension­
a lit y  of the flow established? Do the results indicate 
whether a scalar eddy-viscosity may be used in th is  
flow f ie ld , or should one use d ifferent v iscosities in 
different directions?
Siqyth: There were three-dimensional effects observed 
near the step and the point o f reattachment and the 
results are affected at those points to some extent. In 
consequence we could not say we had true two-dimension­
a l it y  - we had a situation of a very wide duct.
J . W. Smith, Toronto: A somewhat related problem 1s 
the pipe je t . We have used the Flash Photolysis 
Technique to study the laminar pipe jet (Iribarne, et 
a l . ,  AIChE J. 18, 689 (1972)). Even 1n the laminar je t ,  
turbulence is encountered in the reattachment zone.
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